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Abstract
RATIONALE: A two-component matrix of 2-nitrophloroglucinol (2-NPG) and silica
nanoparticles was used for matrix-assisted laser desorption ionization mass spectrometry
imaging of high charge state biomolecules in tissue. Potential applications include increased
effective mass range and efficiency of fragmentation.
METHODS: A mixture of 2-NPG matrix and silica nanoparticles was applied to cyrosectioned
10 µm thick mouse brain tissue. The mixture was pipetted onto the tissue for profiling and
sprayed for tissue imaging. MALDI images were obtained under high vacuum in a commercial
time-of-flight mass spectrometer.
RESULTS: The combined 2-NPG and nanoparticle (2-NPG/NP) matrix produced highly
charged ions from tissue with high vacuum MALDI. Nanoparticles 20, 70, 400 and 1000 nm in
diameter were tested and the 20 nm particles produced the highest charge states. Images of
mouse brain tissue obained from highly charged ions show similar spatial localization.
CONCLUSIONS: The 2-NPG nanoparticle matrix produces highly charged ions from tissue
through a mechanism that may rely on the high surface area of the particles which can dry the
tissue, and their ability to bind analyte molecules therby assisting in crystal formation and
production of multiply charged ions on laser irradiation.
Keywords: MALDI, imaging, nanoparticle, 2-nitrophloroglucinol
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Introduction
Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS) is an
important tool for the identification and determination of the spatial distribution of proteins,
peptides, lipids, metabolites, and other biomolecules and xenobiotics in tissue.[1-4] MALDI-IMS
does not require target specific reagents such as antibodies, can perform direct analysis of tissue
sections without homogenization, and allows measurement of multiple compounds in parallel.[5,6]
In a typical MALDI-IMS experiment, the tissue is cut into µm thick sections that are mounted on
a conductive microscope slide. Matrix is typically applied by droplet for profiling and spray,
sublimation, or sieve for imaging. After the slide is loaded into the mass spectrometer, mass
spectra are obtained at regular spatial intervals. Peak intensities for a particular m/z range are
then used to generate a heat map that provides information regarding location and quantity of
biomolecules in the tissue.
MALDI imaging has been combined with tandem mass spectrometry for improved
selectivity compound identification.[5,7,8] MALDI TOF/TOF instruments have the advantage of
high data acquisition rate and large mass range[9-12]
quadrupole[14] and hybrid quadrupole time of flight,

[13]

but other instruments such as triple

[15,16]

and quadrupole ion trap instruments

have been used.[17] High resolution FTICR[18] and Orbitrap sacrifice some scan speed but have
high value in compound identification.[19,20] Tandem mass spectrometry with MALDI imaging is
most often carried out with singly charged ions which limits fragmentation efficiency compared
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to multiply charged ions[21] and precludes the use of electron-based fragmentation methods such
as electron capture and electron transfer dissociation.[22,23]
Although MALDI tends to produce singly charged ions, there are some notable exceptions.
One example is infrared MALDI, which tends to produce multiply charged analyte molecules at
high vacuum,[24-26] or atmospheric pressure.[27] Liquid matrices have been used for multiple
charging in AP MALDI with infrared, visible, and ultraviolet lasers.[27-31] Some degree of
multiple charging can be produced using conventional matrix materials and UV laser
wavelengths and specific sample preparation protocols.[32,33] Recently, a number of compounds
have been discovered that produce highly charged ions not only under atmospheric pressure
MALDI conditions, but also under conditions that do not require a laser at all, a method known
generally as matrix assisted ionization (MAI).[34-36] The MAI technique has been used to image
tissue under intermediate pressure conditions, but not with a vacuum MALDI imaging mass
spectrometer.[37,38]
In this work, we have used a MAI matrix and nanoparticle (NP) co-matrix to produce
multiply charged ions from tissue in a commercial high vacuum MALDI TOF mass
spectrometer. The MAI matrix 2-NPG was used in conjunction with silica nanoparticles to obtain
tissue images with highly-charged analyte ions. Sections of mouse brain tissue 10 µm thick were
mounted on conductive microscope slides. Solutions of matrix and nanoparticle suspension were
either dropped or sprayed onto the tissue which was subsequently profiled or imaged in the
MALDI mass spectrometer.

This article is protected by copyright. All rights reserved.

Experimental
MALDI mass spectra were recorded in positive ion linear mode with a tandem time-offlight mass spectrometer (UltrafleXtreme, Bruker, Bremen, Germany). The instrument is
equipped with a 355 nm Nd:YAG laser operating at a repetition rate of 1 kHz. For profiling
mode data acquisition, the laser was set to randomly irradiate a 250 µm diameter region around
the selected position and 500 shots were summed to produce a mass spectrum over the range
1000-20,000 m/z. For pure analytes, a 1 µL volume of analyte solution was deposited on a
stainless steel MALDI target followed by a 1 µL volume of matrix solution. The quantity of
protein deposited on the target was 100 pmol. For the two-component matrix, nanoparticles were
added to the matrix solution before deposition with the goal of improved crystal formation on the
tissue. For tissue profiling, six mass spectra were obtained from an array of spots spaced by 1
mm on an approximately 5 x 5 mm tissue section and the spectra were summed to produce a
single mass spectrum representative of that tissue section. For imaging, mass spectra were
obtained using a 150 µm center-to-center spacing and 500 laser shots per mass spectrum.
For studies of the effects of nanoparticle size, solutions of 10 mg/mL 2-NPG matrix with
a 12 mg/mL particle suspension were deposited in 2×3 arrays on consecutive tissue sections with
each of the 20, 70, 400 or 1000 nm 2-NPG/NP suspensions applied to one of the tissue sections.
Two additional sections, one sectioned preceding and one following, were used as control with
2-NPG only. The effect of particle concentration was studied with 20 and 70 nm particles at
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concentrations of 3, 6, 12 and 25 mg/ml. For each of three replicate experiments, six consecutive
sections were used: four 2-NPG/NP at the different concentrations flanked by two control
sections as above.
Profiling mode mass spectra were baseline subtracted and smoothed using the SavitskyGolay smoothing filter set at 10 Da width over three cycles (FlexAnalysis 3.0, Bruker). Peak
identification was performed in centroid mode and peaks with signal-to-noise ratio above 3 were
used for analysis. Spectrum deconvolution (Bruker Compass Data Analysis 4.1) was used for
multiple charge detection. It was manually confirmed that the peaks were within 0.1% of the
calculated m/z value for a particular charge state. Images were reconstructed and normalized
using FlexImaging 2.1 (Bruker).
Tissue was obtained from LSU School of Veterinary Medicine Division of Laboratory
Animal Medicine (DLAM) using procedures approved by the LSU Institutional Animal Care and
Use Committee (IACUC). Four-month-old mice were sacrificed by carbon dioxide exposure and
the whole brains were collected, washed with ammonium bicarbonate buffer, and frozen in dry
ice. The organs were stored at -80 °C until further processing. Sections were prepared using a
Leica CM1850 cryostat (Leica Microsystems, Wetzlar, Germany) with a thickness of 10 µm,
thaw mounted on indium tin oxide (ITO) coated microscope slides (Bruker), and stored at -80
°C. Prior to matrix addition the tissue sections were vacuum dried for 10 min and washed with
70% ethanol and 95% ethanol for 30 seconds each. The sections were vacuum dried for an
additional 10 min before matrix application. For profiling, a 200 nL volume of matrix solution
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was deposited on each spot and allowed to dry. This process was repeated three times for each
spot. For imaging, matrix solutions with and without nanoparticles were sprayed onto the tissue
using a pneumatic sprayer at a flow rate of 100 µL/min and 70 kPa (10 psi) nitrogen with the
tissue 7 cm from the sprayer. Matrix was applied in 14 cycles at 4 s per cycle and 8 s drying
between cycles.
A sinapinic acid (SA; Sigma Aldrich, St. Louis, MO) matrix solution was prepared by
dissolving 10 mg in 1 ml of 70:30 methanol (HPLC grade; Thermo Fischer Scientific, Waltham,
MD ) and water (HPLC grade; Sigma Aldrich ) with 0.5% trifluoroacetic acid (TFA; Thermo
Fischer). The 2-nitrophloroglucinol (2-NPG; Sigma Aldrich) matrix solution was prepared by
dissolving 5 mg in 100 µL of 50:50 acetonitrile (ACN)/water with 0.5% TFA. Stock solutions of
cytochrome C (Sigma Aldrich) and myoglobin (Sigma Aldrich) were prepared in water and
diluted with a 50:50 ACN/water mixture to make 100 µM solutions. Insulin (Sigma Aldrich) was
prepared in water with 0.1% TFA. Suspensions of nanoparticles with diameters 20, 70, 300 and
1000 nm (US Research Nanomaterials, Houston, TX) were prepared in 70:30 methanol and
water. Nanoparticle suspensions were added to matrix solution and the nanoparticle
concentration ranged from 3 to 25 mg/ml..

Results and Discussion
The MAI matrix 2-NPG was used because it produces high charge state ions and does not
sublime rapidly under vacuum. The common MALDI imaging matrix SA was used for
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comparison. Figure 1 shows representative mass spectra obtained for cytochrome C using 2NPG/SA matrices with and without 20 nm diameter NP. Figure 1a shows the cytochrome C mass
spectrum without nanoparticles and Figure 1b is the corresponding mass spectrum with the
nanoparticle co-matrix. The signal is slightly lower in all three trials with the nanoparticles but
the spectra are otherwise similar. Figures 1c and 1d show representative mass spectra of
cytochrome C with 2-NPG matrix, without and with NP. For 2-NPG, the nanoparticle co-matrix
results in a signal that is three times lower than without nanoparticles and the matrix adduct
peaks are larger by a factor of three. Furthermore, there are several matrix and matrix fragment
adduct peaks of relatively high intensity observed. The extent of multiple charging is similar in
both 2-NPG mass spectra. Similar results were obtained with insulin and myoglobin
(Supplemental Figure S1).
Although silica nanoparticles do not enhance high charge state ions for pure proteins, it
was found that they have a significant effect on MALDI mass spectra obtained from tissue. The
initial motivation for their use was an attempt to improve tissue drying, separate analyte
molecules from tissue lipids, and facilitate crystal formation. Mouse tissue sections were
analyzed in profiling mode for comparison of sinapinic acid and 2-NPG matrix and nanoparticle
co-matrix in terms of the number of multiply charged ion peaks observed. Mass spectra obtained
in profiling mode from mouse brain tissue sections are shown in Figure 2. Three trials were
performed with four consecutive tissue sections. Representative mass spectra for SA and SA/NP
matrix are shown in Figures 2a and 2b, respectively. Mass spectra obtained from 2-NPG and 2-
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NPG/NP are shown in Figures 2c and 2d, respectively. The nanoparticles had little effect on the
tissue profiling mass spectra obtained using SA matrix. The mass spectra in Figures 2a and 2b
are nearly identical and no peaks associated with multiply charged analyte molecules were
observed. The mass spectrum obtained with 2-NPG matrix without nanoparticles shown in
Figure 2c is similar to the mass spectra obtained with SA in terms of the total number of peaks
and the peak pattern, with few peaks observed below 5000 m/z. The mass spectrum obtained
with 2-NPG/NP is shown in Figure 2d and is qualitatively different compared to the other three
mass spectra: there was a notable decrease in the intensity of peaks above 10,000 m/z and
increase in the number of peaks below 10,000 m/z. This difference is due to multiple charging:
mass spectra obtained with 2-NPG/NP had an average of 32 peaks corresponding to multiply
charged ions whereas the 2-NPG mass spectra had an average of 7 multiply charged ion peaks.
Multiply charged ion peaks were determined manually. For each peak detected, m/z values of
higher charge states were calculated, and peaks were assigned a charge state if they were within
0.1% of the calculated value. With the 2-NPG/matrix, one-third of the assigned masses had
higher charge state ions than without nanoparticles.
The influence of nanoparticle size was tested using nanoparticles with diameters 20, 70,
400 and 1000 nm. An average mass spectrum was obtained for each section using the procedure
described above. Supplemental Figure S2 shows representative mass spectra obtained for each
nanoparticle diameter. The peak intensity in the spectra was similar for all nanoparticles tested.
The average number of peaks observed (n=3) with S/N greater than 3 for the 20, 70, 400 and
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1000 nm nanoparticles was 60±4, 53±6, 49±3 and 48±3, respectively. The 20 and 70 nm
nanoparticles produced more peaks, a third of which were below 5000 m/z. Further experiments
were performed with 20 and 70 nm diameter NP.
The effect of particle concentration was studied with 20 and 70 nm particles at
concentrations of 3, 6, 12 and 25 mg/ml. Average mass spectra (n=3) were obtained for each
section. The average number of peaks detected using 20 nm nanoparticles at 3, 6, 12, and 25
mg/ml was 50±8, 53±4, 55±4 and 48±7, respectively whereas the average number of peaks
detected using 70 nm nanoparticles at 3, 6, 12, and 25 mg/ml was 43±3, 45±3, 50±4 and 39±5,
respectively. Although there is not a wide variation in the number of peaks obtained, the
remainder of the experiments were performed with 20 nm nanoparticles at 12 mg/ml.
Mass spectra obtained using 2-NPG with and without nanoparticles were compared to
ascertain the extent of multiple charging. Three tissue sections, each with a 2×3 array of matrix
spots were prepared for 2-NPG and 2-NPG/NP with profiling mode deposits. A peak list was
assembled from 6 spots for 2-NPG and 2-NPG/NP for each tissue section. From three tissue
sections each, an average of 62±3 peaks was observed in the 2-NPG mass spectra and average of
88±4 peaks was observed in the 2-NPG/NP mass spectra. The charge for each peak was assigned
using the assignment procedure described above. The m/z that were common to both or had a
difference in charge state were selected for comparison.
A pie chart representation of the fraction of multiply charged peaks with their charge
states is shown in Figure 3. A table of assigned mass, charge state and peak intensity is provided
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in Supplemental Table S1. With 2-NPG, a total of 71 peaks were identified and 8 of these were
multiply charged. The 2-NPG/NP matrix mass spectra had a total of 96 peaks and 35 of these
were multiply charged ions and associated with 18 individual species. Approximately one-fifth
of the identified peaks corresponded to ions with 3 or more charges.
2-NPG/NP was used to generate MALDI images from multiply charged ions. During
initial imaging experiments it was found that the signal was cut in half within 40 minutes due to
sublimation of 2-NPG under high vacuum. Addition of nanoparticles did not improve the signal
loss. To limit the MALDI acquisition time, imaging experiments were performed on half of each
brain section. The tissue was washed to remove salts and lipids and a solution of 2-NPG or a
suspension of nanoparticles and matrix solution was deposited using a pneumatic sprayer. Figure
4 shows MALDI images of ubiquitin (+1 m/z 8565) charge states +1 through +5 for 2-NPG and
2-NPG/NP. The 2-NPG matrix produced good images from the +1 and +2 charge state but not
with the lower intensity higher charge states. On the other hand, the 2-NPG/NP matrix produced
mass spectra with localized signal at all charge states. Additional MALDI images are shown in
Supplemental Figure S3 for multiply charged ions of +1 m/z 7573. In this case as well, the 2NPG/NP could be used to obtain images of the higher charge states.
The enhanced multiple-charging with the MAI matrix combined with nanoparticle
deposited on tissue may result from the high surface area of the particles, the desiccation effect
of the nanoparticles, or selective interaction of the nanoparticles with analyte molecules. We
hypothesize that this promotes the formation of analyte-containing crystals on the tissue that
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fracture on laser irradiation to produce highly charged ions through the MAI effect. The surface
area of the nanoparticles is approximately one square centimeter per µL of suspended particles. It
is unlikely that all of this surface area is available for analyte crystal formation, but it can
potentially provide greater surface area than bare tissue or function as nucleation sites for small
matrix and analyte crystals. Recent studies suggest that the formation of highly charged analytes
may be enhanced by high surface area matrix deposits.[39] The importance of desolvation in the
formation of multiply charged ions has also been reported.[40,41] The silica nanoparticles may
bind with the water in the tissue and produce a dry surface conducive to crystal formation. An
additional factor may be the concentration of the analyte through interaction with the
nanoparticles. It has been reported that a nanoparticle co-matrix will interact with and
concentrate analyte thereby improving signal and reducing spot-to-spot variation in the
signal.[42,43] Bare silica nanoparticles are believed to bind electrostatically to peptides and
proteins thereby improving detection sensitivity.[44]

Conclusions
The addition of nanoparticles to SA and 2-NPG matrix combined with nanoparticles has
little effect on high vacuum MALDI of pure peptides and proteins other than to decrease the
observed signal. However, the 2-NPG/NP matrix was effective at producing highly charged ions
ions from tissue, potentially due to its ability to bind analyte molecules and promote the
formation of crystals. The number of multiply charged peaks observed with 2-NPG/NP on tissue
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was four times higher than with 2-NPG alone. Silica nanoparticles with diameters 20, 70, 400
and 1000 nm were tested, and 20 nm produced the highest charge state at concentration of 12
mg/ml. MALDI images were also obtained of mouse brain with multiply charged ions, however,
sublimation of 2-NPG under high vacuum limited the time for analysis. Future studies will be
focused on further study of these multiply charged ions using high resolution instruments such as
orbitrap or FTICR and identification of the proteins with MS/MS using CID and ETD.
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Figure 1. Mass spectra of 100 pmol cytochrome C on a MALDI target with matrix compounds
a) a) SA, b) SA/nanoparticle, c) 2-NPG, and d) 2-NPG/nanoparticle.
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Figure 2. MALDI mass spectra of mouse brain tissue obtained with a) SA, b) SA/nanoparticle,
c) 2-NPG, and d) 2-NPG/nanoparticle.
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Figure 3. Fraction of peaks representing the indicated charge state obtained from MALDI mass
spectra of mouse brain tissue with a) 2NPG (71 peaks), and b) 2-NPG/nanoparticle matrix (96
peaks)
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Figure 4. Images of consecutive mouse brain tissue sections obtained from 8565 m/z and its
multiply charged ions with a) 2-NPG, and b) 2-NPG/nanoparticle matrix.
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Figure Captions
Figure 1. Mass spectra of 100 pmol cytochrome C on a MALDI target with matrix compounds
a) a) SA, b) SA/nanoparticle, c) 2-NPG, and d) 2-NPG/nanoparticle.
Figure 2. MALDI mass spectra of mouse brain tissue obtained with a) SA, b) SA/nanoparticle,
c) 2-NPG, and d) 2-NPG/nanoparticle.
Figure 3. Fraction of peaks representing the indicated charge state obtained from MALDI mass
spectra of mouse brain tissue with a) 2NPG (71 peaks), and b) 2-NPG/nanoparticle matrix (96
peaks)
Figure 4. Images of consecutive mouse brain tissue sections obtained from 8565 m/z and its
multiply charged ions with a) 2-NPG, and b) 2-NPG/nanoparticle matrix.
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